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FOREWORD

This report describes work accomplished by the Materials Engineering and Technology
Department of the Government Products Division of Pratt & Whitney Aircraft Group for the
Naval Air Development Center under Contract No. N62269-79-C-0281. Mr. Irving Machlin
served as Program Technical Consultant.

The authors are indebted to the Naval Air Development Center for the opportunity to
conduct this investigation and to Mr. Irving Machlin for his encouragement and guidance.
The authors also acknowledge the contributions of Dr. J. D. Mote at Denver Research
Institute.
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SECTION |

INTRODUCTION

Performance improvements in current gas turbine engines, such as the Pratt & Whitney
Aircraft (P&WA) F100 engine, became possible through advancements in design technology
and material processing techniques. The investigation of shock wave thermomechanical pro-
cessing (TMP) of IN-100 turbine disk material at P& WA Government Products Division
(GPD) bore such performance improvements in mind. Because F100 turbine disks are limited
by low-cycle fatigue (LCF) life, this contract effort was directed toward property enhance-
ments in this area.

This program was sponsored by the Naval Air Development Center (NADC) under Con-
tract No. N62269-79-C-0281, based on the results of Naval Air Systems Command Contract
No. N00019-78-C-0280. The previous program examined five shock wave thermomechanical
processing schedules. Of these, two schedules appeared most promising and became subject to
further investigation in this program.

The approach for this study entailed forging sonic-shaped, subscale turbine disks and
flat plates from IN-100 powder extrusions. They were subsequently shock loaded through two
TMP schedules. Peak shock wave working pressures were established on the shaped disks
from each processing schedule to simulate application to actual engine hardware. These pres-
sures were then applied to flat plates of the respective schedules. A control subscale disk and
flat plate were retained for each processing schedule. The respective heat treatments were
applied on these materials with the shocking step omitted.

Control materials of each schedule provided physical property baseline data for compari-
son with the properties of the Schedule I and Schedule II shock wave processed disks and
plates. It was necessary to perform these control tests on material from the same lot as the
shock wave subscale processed materials in order to eliminate both variable material proper-
ties and subscale heat treatment effects.

Control and peak-pressure shocked disks from each schedule underwent mechanical test-
ing and microstructure evaluations, including hardness surveys, optical microscopyv, and
transmission electron microscopy (TEM) at each stage of processing. The flat plates were used
to assess elevated temperature low-cycle fatigue, stress-rupture, and tensile properties, and for
hardness surveys and optical microscopy examinations.

This final technical report includes the results of a 15-month effort conducted from
1 August 1979 to 30 November 1980.
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SECTION 1l

TECHNICAL BACKGROUND

Shock wave thermomechanical processing (TMP) has been proven an effective industrial
method of hardening and strengthening materials to improve wear resistance. The major usage
has been to harden Hadfield manganese steel for railroad trackwork. Additional applications
include hardening of structural steels for jaw crushers, ore handling equipment, tread links for
power shovels, and cutter teeth for coal mining machines'"

The technology offers several inherent advantages over the conventional deformation
processes of forging and rolling. Most important, parts of irregular shapes, such as turbine
disks, may be cold worked without shape or texture change, and with minimal fracture of
second phase particles. In terms of mechanical property improvements, shock wave TMP of
metal provides both higher hardness levels at a given level of true strain and greater toughness
at a given strength level than cold rolling. Appleton and Waddington™ clearly demonstrated
this hardening ability for copper, while Peitteiger " achieved better toughness with stainless,
nickel, manganese, and carbon steels in the as-shocked versus cold-rolled state.

Hardness and strength improvements are primarily attributed to the high dislocation
density of the shocked material.” Evidence also indicates that active slip plane spacing is
significantly reduced in shocked materials, which makes the slip process more difficult.®
Additional strengthening effects result through dislocation-precipitate interactions and the
twinning response observed in shocked microstructures.” Dislocation-precipitate interactions
impede dislocation motion, and preshock and/or postshock aging heat treatments may increase
this effect. Strength enhancement due to twinning arises from additional dislocations that
must be generated to pass a single disiocation through a twinned crystal. This production of
dislocations requires energy, and necessarily increases the applied shear stress to move the
dislocation.”’

Since shock wave TMP depends on developing and maintaining a complex dislocation
substructure, commercial adaptation has been limited to intermediate temperature applica-
tions. However, research in shock deformation has been extended recently to higher tem-
perature materials, particularly nickel-based superalloys. Investigations included alloys
AF2-1DA™ Inconel 718," ™ and Udimet 700™  in a shocking pressure range of 50,000 to 53,000
MPa (7250 to 7685 ksi/500 to 527 kbars) at a pressure pulse period of 1 microsec.

Mechanical test results show the greatest benefits of shock processing were achieved in
the low-cycle fatigue (I.CF) and stress-rupture lives of the AF2-1DA alloy at the high shock
pressures previously mentioned. Improvements in 760 °C (1400°F) LCF life ranged between
factors of two and ten over conventionally processed materials, and the 760°C. 585 MPa
(LI00°F 85 ksi) stress-rupture life increased by a factor of five. In comparison. the Inconel 718
and Udimet 700 materials exhibited improvements of only 50 and 78%, respectively in 650°C
(1200'F) LCF life. However, while Inconel 718 showed only an 80% improvement in 650°C
690 MPa (1200°F 110 ksi) stress-rupture life, Udimet 700 indicated a two order of magnitude
extension in 650°C 830 MPa (1200°F 120 ks stress-rupture life.

All three shock treated allovs exhibited tenstle property improvements. Yield strength at
650 C (1200 'F) increased 25 for both Inconel 718 and Udimet 700. AF2-1DA showed a 15%
improvement in 760 C' (1400F) vield strength. In addition, no associated reduction in ductil-
ity was observed in any of the alloyvs. In fact, reduction in area at 650°C (1200°F) increased
by 200 and 100" for Inconel and Udimet 700, respectively, while AF2-1DA showed a 15% ele-
vation in the reduction in area.
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Shock wave TMP of the IN-100 alloy was investigated in the previous program in the
pressure range of 10,000 to 15,000 MPa (1450 to 2175 ksi/100 to 150 kbars) at a pressure pulse
period of 1 microsec."” Shock wave processing afforded a maximum improvement in IN-100
705°C (1300°F) yield strength of 10 to 11%, although reduction in area decreased between 25
and 35%. LCF test results proved inconclusive. Stress-rupture properties were not evaluated.
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SECTION Wi

EXPERIMENTAL PROCEDURE

MATERIALS

P&WA purchased a 100 kg (220 1b) IN-100 (MOD) billet from Homogeneous Metals Inc.
as wrought powder product. The billet measured 17.8 ¢cm (7.0 in.) dia by 51.8 em (20.0 in.)
long. Chemical analysis confirmed the billet to be within the composition limits of the IN-100
PWA 1056 Specification, as shown in Table 1.

TABLE 1. CHEMICAL COMPOSITION
OF HOMOGENEOUS IN-100

BILLET
.‘:‘. Flement Wetght Percent®
Al BRI
. B 0.025
(& 0UR4
Co [S.60
Cr 1250
Cu nol
Fe 0210
Mn -2
Mo 3.3
Nh - I'a i34
Ni balance
St nngy
Ta oo
AN (At
N W RN
4 Bi 0D ppm™
~ i'h <2 ppmt*
o TUoppm**
*Composition determined by quantitative spec
< trovopy
. Compaositton determmed by atomte absorption
. “Caomvosition deternined by EECO analvsis
-
< Subscale Disks
»
B
< The billet was sectioned into ten pancake preforms of 12,7 em diameter (3.0 in) and 2.3
R cm (0.9 in)) thickness. Preforms were GATORIZED” in a vacuum at 1095 C (2000 F) using a
Db (.25 em em ‘min (0.1 in. in. min) strain rate to form subscale. sonic-shaped turbine disks.

The original program plan specified ten subscale 1ststage F100B-tvpe turbine disks, as
shown in Figure 1. However, following the forging of the third disk, the FI00B die was badly
- damaged. Because a replacement die was not available for the seven remaining disks, a sub
scale Iststage TF30 turbine disk die was substituted. The remaining seven preforms were
forged to the TF30 sonic shape. The TEF30 subscale disk, shown in Figure 2, is of the same
16.00 em (6,30 in0 diameter and 3.00 em (1,20 in) maximum thickness as the FI00RB disk,
although the two disks differ in the geometry of their cross section, as shown in Figures 3

and 1.
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Figure 1. F100B Subscale, Sonic-Shaped Turbine Disk
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Figure 2. TF30 Subscale. Sonic-Shaped Turbine Disk
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Figure 3. FI00B Cross Section
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Flat Plates

The material remaining from the original IN-100 billet was extruded to a 7.0 cm (2.75
in.y diameter utilizing the following extrusion parameters:

Temperature 10RO ¢+ 14 C (1975 + 25 )

Reduction in
Area Ratio 6.0:1

Extrusion Rate 5 em see (210, see)

The extruded material was machined into eight preforms, 6.1 em (2.4 in.) in diameter by
=6 em Gt ino thick. Each preform was then forged to a 145 em (5.7 in.) dia by 1.5 em
0.6 in. thick flat plate. as shown in Figure 5. The forging parameters were identical to those
used on the subscale disks.

FAL 58284

Figure 5. Forged IN-100 Flat Plate

MATERIALS PROCESSING

The materials processing of subscale disks and flat plates consisted of the following two
shock wave thermomechanical processing schedules:

Schedule T — 1130 ¢+ 8°C (2065 + 15 'F) 2hr oil quench + shock + 650 1
8 C (1200 + 15 F) 24 hr air cool + 760 + 8°C (1400 t 15°F). 4
hr air cool.

+

Schedule 11 — 11300 + 8C 12065 ¢+ 15°F) 2hr oil quench + 870 + 8°C (1600
15 F) 40 + 5 min. air cool + 980 + 8°C (1800 + 15°F) 45 +
min. air cool + shock « 650 + 8°C (1200 + 15°F) 24 hr air
cool ¢+ 760 + 8°C (1400 + 15°'F) 4 hr air cool.

s |

. iy

Cos e



“o .

S

Selected on the basis of test results of five IN-100 processing schedules previously exam-
ined under NASC Contract No. N00019-78-C-0280, Schedules I and Il exhibited the greatest
potential for the improvement of LCF life. Results indicated an apparent factor of three
improvement in 540°C (1000°F) L.CF life.

The peak shocking pressures were established on disks from each schedule. These pres-
sures were then applied to flat plates of their respective schedules. Three flat plates from each
schedule underwent preshock heat treat, shocking at the peak pressure, and post-shock heat
treat. Plates were then subjected to mechanical property and microstructure examinations.

Heat Treatment

Two heat treatments were associated with TMP Schedules I and II. Schedule I1 mate-
rials were heat treated in accordance with the standard PWA 1073 specification currently
used on production IN-100 turbine disks. Schedule 1 materials were heat treated in accordance
with the PWA 1073 specification, except the 870°C (1600°F) and 980°C (1800°F) stress relief
cycles were omitted. This heat treatment was originally examined in the previous program to
evaluate the effects of v precipitation from a solution and shocked structure.

The shocking stage was interjected into both heat treat cycles immediately prior to the
low temperature 4" and final age (650°C {1200°F) and 760°C [1400°F] heat treatments, respec-
tively). Shocking, directly preceded these low temperature cycles to minimize thermal recovery
and to retain the beneficial effects of shocking.

Disk and flat plate materials underwent heat treatment in accordance with current
IN-100 disk production practice. Heat treatments were performed in an air atmosphere with
temperature monitored by Type K Inconel-sheath thermocouples located at the disk/plate rim.
Materials were quenched in Gulf Superquench 70 oil at 27°C (80°F). The v’ and final ages
were accomplished using a Lindberg electric pit furnace.

Shock Wave Loading

Denver Research Institute (DRD, under the direction of Pratt & Whitnev Aircraft, per-
formed the shock wave loading of subscale disks and flat plates. Disks and plates were deliv-
ered to DRI in a preshock heat treated condition in accordance with processing Schedules |
and IL

Flver plate shocking was selected, as opposed to direct contact shocking, on the basis
that this approach vielded larger improvements in both LCF life and tensile properties in the
previous program. Property improvements were attributed to a higher dislocation density sub-
structure in the flver plate versus direct contact shocked material. Figure 6 shows a sketch of
the simulated plane wave gencrator flver plate apparatus used to shock the disks. The appa-
ratus consisted of twenty detonation cords of the same length set in a pattern of concentric
circles attached to layvers of Detasheet (-8 explosive. Design of this arrangement promotes
uniform detonation of explosive and results in a planar impact of the flver plate at the disk
surface. The entire assembly was supported over a cardboard barrel filled with water such
that the disks were quenched immediately after shocking to prevent any thermally induced
effects.

Each disk was potted in lead within a circular steel plate prior to shocking. This proce-
dure provides for planar flyer plate impact at the irregular disk surfaces. Potting was accom-
plished by pouring liquid lead through the 1.6 ¢m (0.006 in.) diameter potting hole drilled in
the hore of each disk.
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of Water

Figure 6. Shock Wave Apparatus, Simulated Plane Wave Generator

Four disks from each processing schedule were used to establish peak pressures in the
following manner: Schedule I — one F100B and three TF30 disks; Schedule II — four TF30
disks. In order to eliminate disk type as a variable in establishing peak shocking pressure for
the two schedules, peak pressures were established on the TF30 disk type for both schedules.
As a starting point, disks were peak pressure shocked at 17,500 MPa (2540 ksi/ 175 kbar). The
remaining three disks in each schedule underwent shocking at decreasing pressures in incre-
ments of 2500 MPa (360 ksi. 25 kbar). This testing resulted in the establishment of 10,000
MPa (1450 ksi/ 100 kbar) and 15,000 MPa (2175 ksi/150 kbar) peak pressures on TF30 disks
for Schedules I and 11, respectively. Table 2 summarizes the disk shocking.

Three flat plates from each processing schedule were shocked at the respective peak
pressures established on Schedules I and Il TF30 disks. The Schedule I plates were shocked
at 10,000 MPa (1450 ksi~ 100 kbar) and the Schedule II plates were shocked at 15,000 MPa
(2175 ksi. 150 kbar).

Flat plate No. 1 (Schedule ) underwent shocking at 10,000 MPa (1450 ksi/100 kbar) with
the same shocking apparatus used for the disks, as shown in Figure 6. Visual plate inspec-
tion following shocking revealed a large radial crack, as shown in Figure 7. In an attempt to
prevent cracking of the remaining five plates, the method of explosive detonation was
changed from multipoint simulated plane wave to mousetrap plane wave detonation, as
shown in Figure 8. to promote uniform explosive detonation and a more planar flver plate
impact. The method was not successful as cracks were still observed in each shocked plate.




TABLE 2. DISK SHOCKING SUMMARY
Shocking Pressure
Y st No Dish Typn Schedule MPa ksiy tkbary Shocking Effects
| FIonR, Ist stage [ 17000 (25400 (175 Disk Fracture
2 FF30, st stage I 15,000 2175 (1 Disk Fracture
. 3 TF30. 11 stage 1 12,500 (R10) (125 Disk Fracture
' TFS0. Ist stage | 10000 C1450) (10 None’
o F1ooR, st stage I Unshocked
[ TFI0, 15t stage i 17.500 (25400 (175 Disk Fracture
B TE30, 1st-stage 1t 15,000 ¢2175) (1500 Disk Fracture
s TEAOL ist-stage il 15000 12175) (1500 None )
Y TF30, 1st-stage 11 15,000 (2175 (1500 Disk Fracture
10 F1uoo, 1st stage n Unshocked
: . A 10000 MPa 1450 ks 100 kbar) peak pressure shock was established on Schedule 1 '
processed disks
. A 000 MPa (2175 ksiZ 150 kbar) peak pressure shock was established on Schedule 11
processed disks.
1
i
!
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Figure 7. Flat Plate No. 1 — Schedule 1. Shocked at 10,000 MPa (1450

kst 100 kbar)
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Figure 8. Shock Wave Apparatus, Mousetrap Plane Wauve Generator

METALLOGRAPHY

Metallographic examinations were performed on as-extruded billet, disk and flat plate
material. A transverse section of as-extruded material was examined prior to processing of the
disks and plates. Cross sections through the disk diameter were obtained at each stage of
processing Schedules I and II. Flat plates were examined in the as-shocked and final
post-shock heat treated condition for each schedule.

Standard polishing procedures were used to prepare metal surfaces of the as-extruded
billet and disks for metallographic examination. Grinding through 600-grit silicon carbide
paper was followed by mechanical polishing with 64 and 1u diamond paste. Specimens were
etched with Kalling’s and Glyceregia etchants to delineate grain structure and y' precipitate
morphology, respectively.

Microstructures of flat plates were replicated in order to preserve the flat plate material
for mechanical testing. Impact and opposite surfaces of plates were polished using an air gun
with a sanding disk attachment. Mid-radius locations were polished through 600-grit silicon
carbide paper followed by mechanical polishing with 6y and 1u diamond paste. Polished sur-
faces were etched with Kalling's and Glyceregia etchants and coated with acetone. Cellulose
tape was placed over the acetone area for replication. After drying, replicas were removed
from the plate surface and placed on a glass slide for examination.

Transmission electron microscopy (TEM) studies were performed on peak-pressure
shocked and control disks at each stage of processing Schedules 1 and II. Thin foils were pre-
pared from transverse slices at the center of the disk cruss sections. Initial slices of approxi-
mately 1.20 mm (0.05 in.) thick were ground on 320-grit silicon carbide paper to 0.380 mm
(0.015 in) and then to 0.125 mm (0.005 in) on 600-grit silicon carbide paper. Samples of
0.31 mm (0,012 in.) diameter were then punched from the (0.125 mm (0.005 in.) samples for the
subsequent thinning operations.
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Preparation of electron transparent regions was accomplished with a Fischione Model
110 electropolishing unit used in conjunction with a Model 120 power controller. The electro- ;
lyte, 13% H,SO, in methanol, was held between -15 and -10°C (5 and 14°F) and minimum :
detectable jet flows were utilized during polishing. Current settings varied with each specimen
with the range of 40 to 60 ma at 20 vdc.

MECHANICAL TESTING

Mechanical testing on the control and shockwave-processed flat plates of Schedules |
and II included low-cycle fatigue (LLCF), stress-rupture, tensile, and hardness. The LLCF speci-
mens were machined from tangential sections of the flat plates, since the tangential direction
is where the maximum stresses operate in turbine disks. Stress-rupture and tensile specimens
were machined from random plate locations.

LCF, tensile, and stress-rupture testing was performed in accordance with the PWA 1073
(IN-100) specification. Tests were conducted in air at temperatures which simulated disk oper-
ating temperatures. Chromel-alumel thermocouples mounted on the gage section of the test
specimens provided temperature monitoring.

Strain-control axial LCF testing was accomplished at 540°C (1000°F) and 650°C
(1200°F). Testing involved a cycle strain range of 0 to 1% about a mean strain of 0.5% at a
frequency of 0.166 Hz (10 cvcles min). Figure 9 details the test specimen configuration,

Stress-rupture testing was performed in air under constant load. Specimens were loaded
to a 640 MPa (925 ksi) stress level and tested at 730°C (1350°F). Figure 10 shows the test
specimen configuration,

Tensile testing was performed at 705 °C (1300°F) using a cross-head speed of 3.70 mm-
min. (0.15 in. min.). Figure 11 illustrates the test specimen configuration.

Hardness surveys were made on both control and peak-pressure shocked disks and
plates. Disk hardness was evaluated through the maximum thickness and across the diameter
at the center of the cross section at each stage of processing. Plate hardness measurements
were conducted at the center of the impact and opposite surfaces.
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0.179
D (G
g 0177 (@ ‘*
.............. \
N T * e ——— ——
Chamfer 0.253 | T
Both Ends 0.247 | Min 0.188R
fe— 0.125
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FD 206541

Figure 10. Combination Stress-Rupture Specimen
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Figure 11
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SECTION v

RESULTS AND DISCUSSION

PEAK-PRESSURE SHOCKING

Testing established peak shocking pressures of 10,000 MPa (1450 ksi/100 kbar) for
Schedule I and 15,000 MPa (2175 ksi/150 kbar) for Schedule II sonic-shaped subscale disks.
The peak-pressure shocked disks showed no indication of fracture on binocular inspection,
although subsequent metallographic examinations revealed fine shallow cracks propagating
from the sharp radii of the disk cross sections.

Fracture locations on shocked disks used to establish peak pressures were documented.
Generally, cracking appeared more prevalent opposite the flyer plate impact surface. The
higher shocking pressures promoted heavy rim damage. Lower pressures resulted in circum-
ferential mid-rim and radial potting hole cracks.

F100B Disks No. 1 (Schedule I) and No. 6 (Schedule II) sustained the most severe dam-
age. These disks were the only F100B-type disks shocked. Shocking at the maximum pressure
investigated of 17,500 MPa (2540 ksi/175 kbar) destroyed the entire rim section of both disks
as shown in Figures 12 and 13. In addition, cracks were observed in both disks, propagating
from the potting holes at the impact and opposite surfaces. The 15,000 MPa (2175 ksi/150
kbar) shocked Disk No. 2 (Schedule 1) displayed circumferential mid-rim and radial potting
hole cracks opposite the impact surface, as shown in Figure 14, and a small radial potting
hole crack at the impact surface. The 15,000 MPa shocked Disk No. 7 (Schedule II) exhibited
partial rim removal, as shown in Figure 15. Disk No. 9 showed fractures similar to Disk No.
2, as shown in Figure 16. The 12,500 MPa (1810 ksi/125 kbar) shocked Disk No. 3 (Schedule
I) showed a circumferential mid-rim crack opposite the impact surface, as noted in Figure 17.

MECHANICAL TESTING
Control Materials

Results of mechanical testing appear in Table 3. A statistical analysis of the data is
presented in Table 5.

Mean and two sigma (20) lower bound for 540°C (1000°F) and 650°C (1200°F) low-cycle
fatigue (LCF) life of Schedules I and II materials significantly exceeded PWA 1073 specifica-
tion values for full-scale IN-100. This apparent improvement in LCF life resulted from this
subscale heat treatment effect commonly observed with IN-100. Traditionally, the IN-100 alloy
has been more sensitive to the higher heating and cuoling rates experienced in subscale than
in fullscale materials. The observed increase in 1L.CF life results from the more efficient
quench following the solution cycle, the more rapid air cooling following the aging heat
treatments, and the longer effective time at aging temperatures.

Scanning electron microscopy (SEM) examinations revealed no apparent trend in failure
origin of LCF specimens. Five of the eight specimens failed at voids. One specimen tested at
540°C (1000°F) from each schedule failed at silica-alumina-magnesia inclusions. Figure 18
shows SEM photographs of typical void and inclusion failures. The fracture origin remained
indeterminate in one of the 540°C (1000°F) Schedule 11 specimens.

Substantial increases resulted for both Schedules I and II in mean 730°C/637.9 MPa
(1350°F.'92.5 ksi) stregs-rupture life relative to the full-scale IN-100 PWA 1073 specification
level. As in the case of LCF life, this increase was attributed to the subscale heat treatment
effect.
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FD 206581

Figure 13. F100B Subscale Disk No. 6 — Schedule 11, Shocked at 17,500
MPa (2540 ksi 175 kbar)
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Mag: 0.5X (a) Impact Surface
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Mag 05X (b} Opposite Impact Surface

FD 181299

Figure 15. TF30 Subscale Disk No. 7 — Schedule II, Shocked at 15,000
MPa 2175 kst 150 kbar)
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Figure [6. TF30 Subscale Disk No. 9 - Schedule 1. Shocked at 15,000
. MPa (2175 kst 150 kbar)
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Figure 17. TF30 Subscale Disk No. 3 — Schedule I,

MPa (1810 ksi’ 125 kbar)
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a. and b. Void Failure - Schedule | Control ¢. and d.

Mag: 500X e Mag: 1000X f. Mag: 500X 9.
e. and f. Void Failure - Schedule {i Control g. and h.

Figure 18. SEM Photographs of Typical Void and Inclusion Low-Cycle Fatigue Fractur
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Mag: 500X c. Mag: 1000X d.

¢. and d. Inclusion Failure - Schedule | Controt

Mag: 500X g. Mag: 1000X h.
| g. and h. Inclusion Failure - Schedule Il Control

 of Typical Void and Inclusion Low-Cycle Fatigue Fracture Origins
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TABLE 3. MECHANICAL TESTING RESULTS OF CONTROL MATERIALS

Low-Cycle Fatigue Properties

Failure Cycles Failure Cycles

1000°F 1200°F
Specimen No. Plate No.  Schedule No. (538°C) {649°C)
1 4 I 23902 —
2 4 1 4102 -
3 4 I — 5284
4 4 I - 6347
1 8 Il 7921 -
2 8 11 10417 —
3 8 1 — 6322
4 8 n — 11311

Stress-Rupture Properties - 730 C 6379 MPa (1350 F 92.5 ksi)

Stress-Rupture

Elongation  Reduction In

Specimen No. Plate No.  Schedule No. Life thry i) Area (")
1 4 I 79.7 127 23.0
2 4 I 85.2 159 23.6
3 4 1 84.4 119 20.5
i 8 11 53.7 11.1 20.1
2 8 I1 518 R 18.1
3 R I1 48.9 115 19.8
Tensil:  ‘roperties - 705 C (1300 F1
0.2" Offset Reduction
Yield Strength Ultimate Strength  Elongation In Area
Specimen No. Plate No. Schedule No. (MPai kst {MPa tkst) i, )
1 4 1 1089.7 158.0 1267 6 1R3R 193 2.5
2 1 I 1085.5 15374 12R2 K 1%6.0 2.0 27
1 R I 1057.2 1333 12621 1830 267 6.6
2 N 11 1ORH.D 1571 12449 1RO 23 295

Insk Hardness (R

As Preshock
Heat Treated
ISturees |t

As Postshock
Heat Treated

sk No Schedule No, iSurtes 1”

D ! 122 3.1
10 It 125 2.7

Plate Hardness (R,

A ‘s: Preshock
Heat Treated

As ;’;::w!shm‘k
Heat Treated

Plate No. Schedule No. (Surcey 3 (Survey 4%
4 1 435 15.0
) 1 "7 129
*Survey | — Average h: rdness across conter of disk cross section

**Survey 3 — Average Lardness at plate center
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Stress-rupture life was significantly longer for Schedule 1 than Schedule Il materials.
Mean and 20 lower bound lives were 38.0 and 31.3% longer, for the Schedule I than Schedule
I materials respectively, as a result of the selection of the 870°C (1600°F) and 980°C (1800°F)
cycles in the Schedule Il heat treatment. These cycles reduce stress-rupture life by coarsening
both primary and secondary ' precipitates. However, they are included in the standard
IN-100 PWA 1073 heat treatment (Schedule 1) to facilitate final disk machining.

The 705-C (1300°F) tensile properties of the tested specimens from both processing
schedules met the full-scale mean IN-100 (PWA 1073) property levels. Schedule 1 specimens
showed slightly higher yield and ultimate tensile strengths, but slightly lower ductility than
those of Schedule II, as shown in Tables 3 and 4.

Hardness test results were typical of IN-100, as noted in Table 3. No significant differ-
ence existed 1n hardness level between schedules or individual processing stages.

Shock Wave Processed Materials

Results of mechanical testing appear in Table 4. A statistical analysis of the data is
presented in Table 5.

Low cvele fatigue test results showed no significant improvement of the shocked mate-
rial in either the 510°C (1000°F) or 630°C (1200°F) life capability relative to the control mate-
rial. Furthermore, data scatter appeared higher than expected. Graphical presentation of LCF
test results is presented in Figure 19

Post-test SEM analyses of six shock wave processed specimens showed fracture origins
at silica-alumina-magnesia inclusions, similar to those of control specimens shown in Figure
20, for one specimen from each schedule tested at 540°C (1000°F) and 650°C (1200°F). One
specimen from each schedule tested at 650°C (1200°F) failed at secondary cracks produced in
the flat plates during shocking, as shown in Figure 20.

Stress-rupture test results indicated no benefit in 730°C 637.9 MPa (1350°F/92.5 ksi)
stress-rupture properties due to shock wave processing. In fact, the shock wave processed
materials for both processing schedules showed significant reductions in both mean and 20
lower bound stress-rupture life and ductility relative to control subscale materials.

Mean and 2o lower bound lives decreased 10.7 and 12.0%, respectively, for Schedule I
and 28.7 and 28.6%. respectively, for Schedule Il. Mean and 20 lower bound elongation
decreased 29.6 and 47.0, respectively, for Schedule I and 21.9 and 37.3%, respectively, for
Schedule 1. Of the total of twelve shock treated samples tested from the two schedules, nine
initially failed in the notch area of the stress-rupture specimen. In comparison, none of the six
control specimens initially failed in the notch section, as noted in Table 3. These results indi-
cate an increase in the notch sensitivity of IN-100 due to shocking.
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No.
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Schedule |
Shock Wave Processed

Fou
A4
g———-

Schedule |
Control

Shock Wave Processed
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O

Schedule 11
Controt

Y
b—n—“——
X

PWA 1073.74 Capability
=" Curve Mcan

PWA 1073 74 Cap Curve Cycles to Failure. N

20 (97 5%/Lower Bound)

10 10- 10

(a) 540°C (1000°F) Results

Flat Plate
No.

Schedtile |
Shock Wave Processed

Schedute |
Control

F o = A = —

Schedute |1
Shock Wave Processed

Schedule 1l b
Control :
PWA 107374 Capability
= Curve Mean 10 10" 10
PWA 1073/74 Cap. Curve
= 20 (97.5%/Lower Bound) Cycles to Failure, N

©® N O s WM -
e
()

x Specimen Failed at Secondary Crack Produced in the Flat Plate During
Shocking
(b) 650°C (1200°F) Results

Figure 19. Low-Cycle Fatigue Test Results
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TABLE 4 MECHANICAL TESTING RESULTS OF SHOCK WAVE PROCESSED MATE-
RIALS

Low-Cycle Fatigue Properties’

Cycles Cycles
1000°F 1200°F
Specrmen No. Plate No. Schedule No.  (538°C) (649°C)

1 | 3413 -
2 2 1 2540 -
3 2 1 21560 -
4 3 1 3909 -
5 3 1 7499 -
6 1 l — 20938
7 2 1 - 9477
] 3 1 - 7013
9 3 i — M7
1 b} 1 2611 -
2 6 I 5477 -
3 7 11 8746 -
4 N It 11725 -
5 5 1) — 2067
6 5 1 - 5497
7 7 i — 477
) 7 11 — 2925

Stress Rupture Properties - 730°C 637.9 MPa (1350°F:92.5 ksi)

Stress-Rupture Elongation Reduction
Specimen No. Plate No. Schedule No. Life thr) (") In Area (%)

1 1 1 68.6 (33.8 V-N9 89 16.6

2 1 [ 83.2 (65.0 V 'N-j 9.4 134

3 1 1 71.4 8.7 14.1

4 2 1 87.9 (61.1 V' N 13.7 16.9

3 2 I 78.7 (61.7 V-N?) 10.5 179

6 3 I 70.8 (32.2 V.'N9) 12.2 14.1

7 3 I 63.6 (37.6 V/N9) 58 10.0

8 3 1 70.5 (52.3 V/N9 7.3 13.3

1 5 11 35.6 (18.7 V/N9) 72 6.8

2 7 1 37.8 (24.9 V/N?) 10.7 13.9

3 7 11 9.8! _ —

4 7 11 0.2! - —

Tensile Properties - 705°C (1300°F)
0.2% Offset Reduction
Yield Strength Ultimate Strength Elongation In Area
Specimen No. Plate No. Schedule No. (MPa) (ksi} (MPa) (ksi) (") (%)
1 1 1 1183.4 171.6 1374.5 199.3 16.0 18.5
2 1 I 1186.2 172.0 1348.3 195.5 2.7 54
3 2 I 1153.8 167.3 1344.8 195.0 17.3 19.2
4 2 1 1162.1 168.5 1336.6 193.8 17.3 19.7
b 2 1 1149.0 166.6 1356.6 196.7 18.7 224
6 3 1 1718 169.9 12945 187.7 2.7 3.7
7 3 I 1187.6 172.2 1394.5 202.2 6.7 3.7
1 5} 1l 1228.3 178.1 1364.1 197.8 17.3 21.1
2 D 1 1198.6 173.8 1376.6 199.6 20,0 24.3
i) ) 1l 1189.0 1724 1362.1 197.5 17.3 22.4
4 [ 1 1186.9 1721 1362.1 197.5 14.7 12.9
D 6 11 1179.3 171.0 1374.5 199.3 17.3 21.6
6 6 i1 1166.2 169.1 1366.9 198.2 16.0 19.2
N 7 11 1147.7 166.7 1334.5 193.5 20.0 29.0
R 7 i 1158.6 168.0 1327.6 192.5 % 2.3
26
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TABLE 4. MECHANICAL TESTING RESULTS OF SHOCK WAVE PROCESSED MATE-
RIALS (Continued)

Disk Hardness (R,)

As-Preshock As-Postshock
_ _Disk Schedule No. Heat Treated As-Shocked o Heat Treated
tSurvey 1)* (Survey 1) (Survey 2)**  (Survey 1)*  (Survey 2)**
4 1 42.2 47.4 1. 458 47.5 1. 475
2. 474 2.474
3. 46.2 3.470
4. 47.0 4. 46.6
5. 45.3 5. 476
8 n 42.3 47.9 1. 51.1 47.0 1. 475
2, 48.2 2. 474
3. 47.6 3.470
4. 48.2 4. 473
5. 46.4 5. 45.9

Plate Hardness (R ) -- Survey 3**°

VA.\'-PrPshO('k As-Postshock

Plate No Schedule No. Heat Treated __As-Shocked Heat Treated

Impact Opposite Impact Opposite
Surface Surface Surface Surface

1 1 435 3.3 16.5 427 46.0

2 I 3.5 45.3 46.0 45.1 45.1

3 I 43.5 444 46.2 44.2 434

5 11 44.7 18.6 48.5 46.8 47.6

6 11 44.7 437 49.2 439 45.1

7 1 447 17.3 48.1 45.3 46.3

J'Specimen failed at secondary crack produced in the flat plate during shocking. Value was excluded from the data.
"V/N - Stress-rupture specimen initially failed at the V-notch. Specimen was retested to failure in smooth gage

section.
*Survey 1 — Average hardness across center of disk cross sections.
**Survev 2 — Hardness through maximum thickness areas of peak pressure shocked disk cross sections-impact

surface (1) to opposite surface (5).
***Survey 3 —- Average hardness at plate center.
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TABLE 5.

Low-Cvele Fatigue Properties

MECHANICAL PROPERTIES — STATISTICAL ANALYSIS

Cvele to Fadure
338°C (1000 F)

Cyeles to Failure
630°C (1200°F)

Material Mean 2oLower Bound Mean 2aLower Bound
Full-Scale 4530 910 3000 360
IN-100
PWA 1073
Controls 990 2286 5791 1337
Schedule |
Shock Wave DO 1291 11164 2577
Processed
Schedule |
Controls HO8S 20497 8456 1952
Schedule 11
Shock Wave 6188 1428 3215 742

Processed

Schedule 11

Stress-Rupture Properties - 730 C 637.9 MPa (1350°F 92.5 ksi)

Life thrt

Elongation 1)

Reduction In Area (i)

Material Mean 2alLower Bound Mean 2aLower Bound Mean 20 Lower Bound
Full-Scale 32.0 — - —
IN-100
PWA 1073
Controls 830 617 6.6 223 AN
Schedule |
Shock Wave 4.1 6.4 3.5 14.5 8.5
Processed
Schedule 1
Controls A (R} 6.7 19.3 9.6
Schedule 11
Shock Wave 36.6 4.2 10.3 0.6

Processed
Schedule 11

Material

Full- Seale
IN-100
PWA 1073
Controls
Schedule 1
Shock Wave
Processed

Schedule 1

Controls
Schedule TI

Shock Wave
Processed

Schedule 11

Yield Strength

Ultimate Tensie

Tensile Properties - 705 C (1300

F)

Flongation ("0}

Reduction in Area (")

0.2 Offset Strength
MPa_ MPa_
ks T L ks T
2o Lower 20 Lower
Mean Bound Mean Bound
1089.7
1580 — —
WOKT6 10418 12752 12400
1h77 1510 1810 1798
[REE 11207 13517 liHﬁ.ﬁ
1642 1625 196.0 190.9
10710 [ RLEA Y 12531 12179
(R [EEYH IRLT 176.6
TN I I RS 1370 13228
1714 164,57 196.9 1918

20 Lower 2o lLower
Mean Bound Mean  Bound
180 —_
206 9.6
14.4 3.4
26.0 15.0
15.9 1.9

ihada
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Mag: 200X

(a) Schedule |
10,000 MPa (1450 ksi/100 kbar) Shock

Mag: 200X

(b} Schedule H
15.000 MPa (2175 ksi/150 kbar) Shock
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Figure 20. SEM Photographs — Low-Cycele Fatigue Fracture Origins at
Shock Wave Induced Secondary Cracks
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Tensile test results showed shock processing afforded only a small increase in IN-100
705°C (1300"F) strength, although a substantial reduction in ductility was observed. Strength
improvement was attributed to the complex dislocation substructure created by shocking.
Shuck processing increased mean yield and ultimate tensile stengths between 6 and 10%,
while mean elongation decreased between 30 and 80%.

Hardness test results indicated hardness increases for Schedule I and Schedule II pro-
cessed materials over their respective subscale c¢ontrol materials. No significant hardness dif-
ference existed between the two processing schedules. For both schedules, average hardness
increases generally ranged between 1 and 5 points on the Rockwell C scale between the pre-
shocked and as-shocked states. Increases were observed through the entire thickness of the
plates and disks for both schedules. The postshock heat treatments were observed to reduce
hardness gradients with little effect on the level of as-shocked hardness.

MICROSTRUCTURAL EXAMINATIONS

Optical microscopy examinations were performed on the as-extruded IN-100 billet and
both the control and shock wave procesed disks and plates. Representative photomicrographs
appear in Figures 21 through 27.

The as-extruded billet microstructure was fully recrystallized, fine grained, and heavily
precipitated with 5. Grain size was predominantly ASTM 14.5. Control and peak-pressure
shocked disks displaved typical IN-100 microstructures throughout processing Schedules I and
IL. Grain size was predominantly ASTM 12.5 in all stages of processing. The y' morphology
and size appeared essentialiv unchanged. As-shocked and postshock heat treated plates pro-
duced the same microstructures.

Surface cracking was observed in both Schedule I and Schedule 11 peak-pressure shocked
disks. Examination of unetched disk cross sections revealed flyer plate impact cracks initiat-
ing at sharp radii in the disk cross sections, as shown in Figure 28. Maximum depth of crack
propagation was (.20 ¢cm (0.08 in.).

Transmission electron microscopy (TEM) examinations were accomplished on Schedules
I and II control and peak-pressure shocked disks at each stage of processing to observe more
subtle microstructural differences and dislocation substructures. Processing effects on size of
primary and secondary cooling 4. carbide type, size and distribution. and dislocation struc-
ture appear in Tables 6, 7, and 8, respectively. Representative photomicrographs appear in
Figures 29 through 32

Table 6 summarizes the y' size distribution observed in disks of Schedules I and I1.
Fxaminations of control disks indicated the 870°C (1600°F) + 980°C (1800°F) heat treatment
coarsens both primary and secondary cooling v/, while the 650°C (1200°F) + 760°C (1400°F)
cycle ripens only secondary cooling v'. Shocked disk microscopy revealed the shocking stage
prevents any increase in primary cooling y' size due to the 650°C (1200°F) + 760°C (1400°F)
cyele, although there appeared to be no influence of shocking on 3’ coarsening in the 870°C
(1600 ') + 980 (" (1800 Ky heat treatment.
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Mag: 500X

(a) Plate No. 2. Schedule |
10.000 MPa (1450 ksi/100 kbar) Shock
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. Mag: 500X

(c) Plate No 7. Schedule !
15.000 MPa (2175 ks1/150 kbar) Shock

Kalling's Etchant

o

.

,.“, .c'-‘ S o

Kalhng's Etchant

Figure 27 Postshocked Heat

Mag: 500X Glyceregia Etchant

(b} Plate No 2. Schedule |
10.000 MPa (1450 ksi/ 100 kbar} Shock

Mag: 500X

Glyceregia Etchant
(d) Plate No 7. Schedule Il
15.000 MPa (2175 ksi-150 kbar) Shock

Treated Flat Plate Microstructures
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Impact Surface

Mag: 0.67X
(a) TF30 Disk Cross Section, Location
of Impact Surface Crack

Mag: 20X Unetched
(b) Impact Surface Crack

FD 197975

Figure 28 Disk No. 8. Schedule 1, Tvpical Impact Surface Crack




TABLE 6. HEAT TREATMENTS AND MICROSTRUCTURE

Primary Cooling  Secondary

Schedule Post Solution Gamma Prime Cooling Gamma Carbide
Sample No. Heat Treatment (nm) Prime (nm) Type
5A 1 None 90-110 7-14 MC
4A I 10,000 MPa (1450 ksi/ 100 kbar) Shock 70-150 4-9 MC
5C 1 650 + 8°C/24 hr. air cool + 760 1t 8°C/4
hr ‘air cool 120-180 10-30 MC
4C I 10,000 MPa (1450 ksi ‘100 kbar) Shock + 650
1 8°C.'24 hr/air cool + 160 + 8°C-4 hr air
cool 70-90 10-20 —
10A i 870 + 8°C.’40 = 5 min-air cool + 980 +
8°C/45 + 5 min air cool 100-150 715 M, C.
8A 11 870 + 8°C/40 + 5 min-air cool + 980 +
8°C~45 + 5 min/air cool + 15,000 MPa (2175
ksi-/ 150 kbar) Shock 90-180 26 MC,. M,, C:
10C 1 870 + 8°C/40 + 5min + 980 + 8°C 45 + §
min + 650 + 8°C’24 hr air cool + 760 +
8°C 4 hr/air cool 110-220 411 MC
8C H 870 £ 8°C/40 + 5 min + 980 ¢t 8°C-45 + 5

min- air cool + 15,000 MPa (2175 ksi 150
kbar) Shock + 650 + 8°C. 24 hr ‘air cool +
760 + 8°C- 4 hr/air cool 90-240 10-20 M, C;




Mag: 22.000X c. Mag: 48.000X d.

Figure 29. Preshock Heat Treated Disk — Schedule 1
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Figure 30. Postshock Heat Treated Disk — Schedule |
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Figure 31. Preshock Heat Treated Disk — Schedule 11
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Figure 32, Postshock Heat Treated Disk — Schedule 11
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The dislocation density and structure of the peak-pressure shocked disks during Sched-
ules [ and 11 appear in Table 7. In both schedules, as expected, dislocation density was high-
est in samples in the as-shocked state. A higher density was observed in Schedule II than in
Schedule I, since these disks were shocked at the higher peak pressure. Postshock heat treat-
ment affected dislocation structure in both schedules. Some evidence exists of recovery mech-
anisms occurring during postshock heat treatment. although no real cellular substructure was
observed. Dislocations appeared more uniformly distributed, longer, and more curved in the
postshock heat treated samples than in the planar array or band arrangements of the as-

shocked state.

Table 8 shows the carbide size distribution noted throughout Schedules I and II. No
obvious trends were noted in regard to carbide type, size, or distribution.
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TABLE 7. DISLOCATION STRUCTURE

Sample Schedule No. Density Structure
5A I Low, mostly in boundaries Prominent in primary ', also in boundaries
between grains or between primary v’
regions and y-y' regions within a
grain looped around cooling +' in matrix.
$A ! High, somewhat concentrated Appear to lie in planar arrays on slip planes
in boundaries, but no Dislocations relatively short and straight.
apparent pile-up.
¢ I Very low Similar to 5A
4C I High, similar to 4A No evidence of arrays. Compared to 4A, more
in matrix, fewer in primary y'. Dislocations
are longer, multiply curved (winding).
N 10A I Low-moderate, similar to 5A. Dislocations lie in bands suggestive of fatigue
Some pile-up at boundaries. (broken diamond saw blade suspected during
specimen preparation). Stacking
faults observed.
8A I Very high thighest of samples) Dislocations lie in planes or bands. Generally
longer than in 4A, slightly more curved.
e 1 Low, similar to DA Similar to HA.
R0 I High Uniform, dislocations not in planes or bands.
Dislocations are shorter, straighter, denser,
and less clearly defined than in 4C.
TABLE 8. CARBIDE SIZE AND DISTRIBUTION
. Sample  Schedule No. Nize 'nmy Distribution
- HA I M-H00 ("niform. Not many in grain boundaries. Present within both +’
.t and -3 grains
»
. 4A I 100-400 Uniform. Apparently fewer than in HA. Small carbides
‘_ - perhaps obscurred.
g_ A 1 H0-1360 Uniform. Present in 3’ and y-y' grains.
~> . - . .
ol 1 I 1R0-350 Uniform. Similar to 5C. Small carbides perhaps oRscurred.
1
] 10A 11 H0O-300 Mostly in grain boundaries. Some in ' and -y’ grains.
HA ] 10 600 Similar to 10A, both MC and M., in grain boundaries.
10C ] 20-300 Uniform. Many 1n ' and y-9" grains.
®C I 300 460 Uncertain due to few low magnification pictures. Present in both
[ grain boundaries and matrix.
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SECTION v

CONCLUSIONS

Peak shock wave working pressures were determined on IN-100 subscale, sonic shaped
turbine disks. Pressures of 10,000 MPa (1450 ksi/100 kbar) and 15,000 MPa (2175 ksi/ 150
kbar) were established for TMP Schedules 1 and II, respectively.

Rim and potting hole areas proved to be the disk locations most susceptible to fracture
during shock loading.

There was no significant increase in LCF capability of shock wave processed IN-100 at the
pressure levels used. LCF improvements cited for shock wave processed materials in
References 6, 8. and 9 appear due to the higher shocking pressures employed (50,000 to
53,000 MPa/500 to 527 kbars).

Stress-rupture test results show a significant decrease in IN-100 730°C. 637.9 MPa
(1350°F 92.5 ksi) stress rupture life and ductility. Shocking appears to increase the notch
sensitivity of IN-100.

Tensile test results indicate only minor improvements in 705°C (1300°F) IN-100 vield and
ultimate strengths. Strength increases are accompanied by a substantial reduction in
ductility.

Peak-pressure shocking affords a hardness increase between 1 and 5 points R, throughout
the subscale disks. Postshock heat treatments reduce hardness gradients with little effect
on the level of assshocked hardness.

Shocking appears to prevent ripening of primary cooling ' during subsequent postshock
heat treatment. Dislocation substructures generated by shocking experience limited ther-
mal recovery during postshock heat treatment.
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